The Caenorhabditis elegans genome encodes nine homologues of mammalian glycoprotein-associated amino acid transporters. Two of these C. elegans proteins (AAT-1 and AAT-3) have been shown to function as catalytic subunits (light chains) of heteromeric amino acid transporters. These proteins need to associate with a glycoprotein heavy chain subunit (ATG-2) to reach the cell surface in a manner similar to that of their mammalian homologues. AAT-1 and AAT-3 contain a cysteine residue in the second putative extracellular loop through which a disulfide bridge can form with a heavy chain. In contrast, six C. elegans members of this family (AAT-4 to AAT-9) lack such a cysteine residue. We show here that one of these transporter proteins, AAT-9, reaches the cell surface in Xenopus oocytes without an exogenous heavy chain and that it functions as an exchanger of aromatic amino acids. Two-electrode voltage clamp experiments demonstrate that AAT-9 displays a substrate-activated conductance. Immunofluorescence shows that it is expressed close to the pharyngeal bulbs within C. elegans neurons. The selective expression of an aat-9 promoter-green fluorescent protein construct in several neurons of this region and in wall muscle cells around the mouth supports and extends these localization data. Taken together, the results show that AAT-9 is expressed in excitable cells of the nematode head and pharynx in which it may provide a pathway for aromatic amino acid transport. 
INTRODUCTION
The genome of Caenorhabditis elegans contains more than 750 genes encoding proteins thought to be involved in transmembrane transport processes. This represents ~4% of the total estimated number of genes. Most of these proteins are functionally not characterized and their roles are predicted based on phylogenetic inference (1) . Among these putative transporter genes, nine encode homologues of heteromeric amino acid transporter catalytic subunits.
Mammalian heteromeric amino acid transporters (HAT) are composed of two subunits. Besides a catalytic subunit (the light chain), they contain a type II glycoprotein subunit (the heavy chain). The light chain must associate with the heavy chain for functional expression at the cell surface (2) (3) (4) (5) (6) (7) . This association is stabilized by a disulphide bridge formed between two highly conserved cysteine residues (7) . Only three out of the nine C. elegans catalytic subunit homologues display this conserved cysteine. In a previous study (8) , we characterized two of these three catalytic subunits, AAT-1 and AAT-3. These functionally interact with ATG-2, a C. elegans glycoprotein subunit homologue. Since the remaining six light chain homologues, AAT-4 to 9, do not have the conserved cysteine, we hypothesize that these may not need interaction with a heavy chain for functional surface localization. In addition, these six light chain homologues are phylogenetically more distant than AAT-1 to 3 from the mammalian catalytic subunits. Figure 1 . illustrates the phylogenetic relationship between members of the AAT protein family in C. elegans and selected human homologues.
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We have now observed that AAT-9 (Wormbase gene no. Y53H1C.1) expressed alone in Xenopus oocyte localizes to the cell surface. We have therefore investigated its putative transport function in this expression system. Our results show that it transports aromatic amino acid substrates most likely by obligatory exchange and displays a substrate activated anion conductance. Localization experiments in C. elegans showed that it is expressed in some neurons and in muscular cells.
EXPERIMENTAL PROCEDURES cDNA cloning and cRNA synthesis
Extraction of RNA form mixed stage C.elegans, cDNA synthesis, cloning into Xenopus oocytes cRNA expressing vector and in vitro cRNA synthesis were all performed as described previously (8) . The full length cDNA for aat-9 (Wormbase gene no. Y53H1C.1) was amplified by RT-PCR using following primers: aat-9 fwd: 5'-GAT CGG CGC GCC ATG TCA TCA ATA GAA GAT CTC-3'; aat-9 reverse: 5'-CTT GCG GCC GCT TAC AGA CGA GTC ATT GGC-3', designed according to the predicted initiation and termination sequence of the aat-9 gene.
Primers contained restriction sites to facilitate cloning into the cRNA expression vector pSD5easy (9) .
Functional experiments in Xenopus laevis oocytes
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Uptakes: oocyte preparation and cRNA injection were carried out according to the previously described procedures (8, 10 
Immunocytochemistry on oocyte cryosections
Polyclonal rabbit antibody was raised against the synthetic peptide (NH 2 -SSIEDLPTVGDVAATRHQC-COOH) corresponding to the NH 2 -terminus of AAT-9. Peptide preparation, rabbit immunization and antibody purification were made as described (12) . Oocyte treatment, freezing, cutting and immunostaining were carried out as detailed elsewhere (8, 13, 14) . An antibody dilution of 1:30 was used. Sections were viewed using an epifluorescence microscope (Nikon ECLIPSE TE300/200 Inverted microscope).
Plasmid construction and generation of transgenic C. elegans
The aat-9::gfp transcriptional reporter gene was produced by PCR amplification www.jbc.org Downloaded from the syncytial gonad as described (15) . The plasmid pUNC119 (20 ng/µl) was used as a transformation marker (16) .
Immunostaining of C. elegans
Standard methods were used for laboratory cultivation of the N2 variety of C.
elegans Bristol strain (17) . Animals from one plate were washed three times with 
Microscopy of C. elegans
Fluorescent images were recorded with a Leica DMRA wide-field fluorescent microscope equipped with coded CCD camera (Hamamatsu ORCA-ER)
controlled by the Openlab 3.0 software package (Improvision). Localization of the AAT-9 fusion protein was analyzed with a Leica TCS4 confocal microscope.
RESULTS

AAT-9 transports amino acids when expressed alone in Xenopus oocytes
Unlike mammalian light chain subunits of HATs and C. elegans AAT-1 and 3 that must associate with an exogenous heavy chain subunit to reach the membrane surface, AAT-9 localizes to the plasma membrane of Xenopus laevis oocytes when expressed alone. This is shown by immunofluorescence on cryosections of oocytes expressing AAT-9 ( Fig. 2) . This finding was corroborated by the results of functional uptake experiments (see below). These facts do however not exclude the possibility that AAT-9 interacts with an endogenous oocyte protein to reach the oocyte surface. In addition, a signal was visible in the body wall muscles around the worm mouth ( Fig. 3B and C, arrowhead) . The signal detected in the posterior region (Fig. 3B, asterisk) was considered autofluorescence (as visible in other animals).
Immunostaining of AAT-9 in whole wild type worms (Fig. 3D) showed a weak, but reproducible signal at least in one anterior neuronal body (arrow) and its process.
A strong non-homogenous, presumably nonspecific staining (Fig. 3D asterisk) was also observed in the head of the worm (as with other antibodies). The extended localization observed with the transcriptional construct suggests that (Fig 4B,C) . In contrast to L-dopa, Ldopamine was not a substrate for AAT-9. The uptake of L-Val, L-Met, L-Leu and L-His was not significantly above background and other proteogenic amino acids did not appear to be transported. The uptake of L-Phe in the absence of sodium (Fig. 4D ) was reduced by 50 % compared to that observed in the presence of 100 mM NaCl. Interestingly, as detailed later, a reduction of the substrate induced conductance was also observed in the absence of sodium (Fig. 7B) .
The time-course of L-Phe uptake at a concentration of 1 mM is shown in Fig. 5A .
These data indicated that 1 min was an appropriate incubation time (linear phase) for measuring concentration-dependence. The uptake rate of L-Phe was determined at five different concentrations, background values were subtracted, and the data were normalized to those obtained for 3 mM L-Phe. Since saturation could not be reached, only an approximate apparent Km of ≥ 0.7 mM could be derived from fitting of the Michaelis Menten function (Fig. 5B) . Figure 6A shows the results of efflux experiments on oocytes expressing AAT-9. The question whether substrate influx could take place by facilitated diffusion (without exchange) was addressed using transstimulation, as described by Meier et al (18) and shown in Fig. 6B . The substantial increase in L-Phe uptake with increasing intracellular L-Phe suggests that inward facilitated diffusion is not as efficient as exchange. However, we can not exclude that facilitated diffusion could take place in the absence of intracellular ligand (empty carrier switching from inward facing binding site configuration to outward facing configuration in the absence of ligand) since oocytes, as every cell, always contain endogenous amino acids.
Efflux of L-Phe via AAT-9 is an obligatory exchange
Substrate activated ion conductance of AAT-9 transporter uncoupled from its transport function
Application of a near-saturating concentration of L-Phe to oocytes that expressed the AAT-9 protein and voltage clamped to V = -50 mV, resulted in the activation of an inward current (I L-Phe ) that was typically 10-fold larger than that observed in non-injected oocytes from the same donor frog (Fig. 7 A) . To determine the ionic components of this substrate-dependent current, we performed ion-substitution experiments over a range of membrane potentials (-120 mV < V < 40 mV) ( (19) and glutamate transporters (20, 21) .
DISCUSSION
We have characterized a novel C. elegans amino acid transporter, AAT-9 that is a homologue of mammalian heretomeric amino acid transporter light chain subunits. AAT-9 exhibits 28-33% identity with several vertebrate homologues (8) . AAT-9 expressed in Xenopus oocytes specifically transports the aromatic amino acids, L-Phe, L-Trp and L-Tyr as well as L-dopa. Therefore, in terms of substrate selectivity, AAT-9 resembles the mammalian transporter TAT1 that is expressed mostly in kidney, skeletal muscle, placenta and heart (in humans) and in the small intestine (in rats) (22, 23) . Sequence similarities between AAT-9 and this transporter are, however, negligible. The previously characterized C. elegans transporters AAT-1/ATG-2 and AAT-3/ATG-2 transport aromatic neutral amino acids as well, but not exclusively as AAT-9. Transport of these substrates from the inside to the outside (efflux) is a common feature of AAT-9 and rat TAT1. But, in contrast to TAT1, the efflux of substrate mediated by AAT-9 is detectable only in the presence of extracellular substrate, indicating that efflux via AAT-9 corresponds to an obligatory exchange. This property of AAT-9 is common with AAT-1/ATG-2 and AAT-3/ATG-2 that function as nearly obligatory exchangers.
Its approximate apparent affinity of ≥ 0.7 mM for its preferred substrate L-Phe is similar to that determined for human TAT1 (Km ~0.45 mM for L-Trp), and probably higher than that of rat TAT1 (Km ~5 mM for L-Trp,).
Using two independent approaches to identify the in vivo localization of AAT-9, immunofluorescence and expression of a transcriptional GFP fusion construct, 
